Abstract: Hydrochemical investigations focusing on different iron fractions were conducted in 2007 from January to December on two parts (regulated and restored) of the small lowland Rudnia River in north-eastern Poland. Concentrations of the total iron (TFe) in the water of the Rudnia River ranged from 582 µg dm -3 up to 3646 µg dm -3 , and their elevated values are clearly the result of their complex binding with organic matter originating from the peat-mineral catchment of the river. Regardless of the season, in the upper part of the river (regulated channel) higher concentrations of all iron fractions than in the restored river section were observed. All tests on iron fractions showed a clear seasonal variability on both river channel parts. Higher TFe concentrations were typical for the regulated part of the river in autumn or winter, and lower in spring for the restored river channel section. For the whole of the investigated period and regardless of the season, particulate iron fraction (PFe) represented a higher proportion of TFe in the regulated channel than in the restored one. PFe constituted up to 60% TFe, on average, while the other two fractions about 20% of TFe each. However, dissolved reactive iron fraction (DRFe) made up a larger percentage of TFe than organic soluble fraction (DOFe) of iron within the year. The maximum percentage of DOFe fraction outside the growing season was caused by iron release from organic complexes and elevated concentrations of dissolved organic carbon (DOC) derived from wetlands.
Introduction
Iron is one of the main elements that compose the earth's crust. It ranks in fourth place in terms of its amount after oxygen, silica, and aluminum. Its small amount can be found as numerous ores: limonite, siderite, magnetite, hematite, getite, maghemite, ferrohydrite, lepidocronite, ilmenite or pyrite (Kabata and Kabata 1999) .
The main iron sources for natural waters are leachates from soils and rocks. Referring to anthropogenic sources, iron ions can penetrate to surface waters along with sewage from metallurgical, galvanizing, or etching works. The Fe element shows typical siderophilic and chalkophilic features and it occurs mainly as bi and trivalent forms in surface waters. Among soluble bivalent iron forms are Fe In waters characterized by large amounts of carbonates or sulphates (VI), the element may be present as FeSO 4(aq) , FeCO 3(aq) , or [FeHCO 3 (Dojlido 1987) . Iron can occur in the surface waters in various forms: as soluble or colloidal forms. Concentrations of a particular fraction depend on many different factors. The main ones which determine iron form are content of organic matter, redox potential, pH, and presence of loamy minerals . Another factor determining the form and quantity of iron in the water is microbial activity (Aristovskaya and Zavarzin 1971) . The iron circulation in aquatic ecosystems depends on oxygen, sulphur, and carbon transformations. Oxidizing conditions and at the same time alkaline reaction favour the precipitation of the element in the form of numerous compounds, e.g. oxides.
Iron oxides in colloidal form play an important role during coagulation and sorption of the other colloidal substances and ions. The colloidal fraction of iron oxides is very important in sewage purification, because these compounds act as catalysts in oxidation process-es (Jenne 1968) . In an acidic environment and under reductive conditions, solubility of iron compounds dramatically increases. Within the pH range from 4.8 to 6.0, these ions bind mainly anions, while above that limit, cations are also bonded. The presence in the water of chemoautotrophic and acidophilic Acidithiobacillus ferrooxidans bacteria oxidizes Fe(II) to Fe(III) 5-6 times faster than in abiotic environments, thus the ion can be found at both valences in water below pH 4.0 (Migaszewski and Gałuszka 2007) .
Iron is an example of an element that occurs very abundantly in soils. Light sandy soils contain from 0.34 to 0.65 mg Fe kg -1 , and loamy soils from 70.0 to 362 mg Fe kg -1 (Pondel et al. 1979) . Iron content in low-moor peat bogs ranges from 57.0 to 830.0 mg Fe kg -1 (Brożek and Zwydak 2003) . Processes of iron transformations in aquatic ecosystems are very complex and mainly depend on redox conditions. Therefore, the element affects other metals (namely trace elements) by binding them (including manganese). Depending on different redox conditions in the iron-manganese concretions there occurs a competitive reaction between iron ions and other elements such as cobalt, copper, nickel, which affects the formation of insoluble precipitates. The increase in iron concentration results in increased migration of magnesium and aluminum, because its elevated mobility causes the replacing of the cations mentioned above from their compounds (Khattack and Page 1992) .
The aim of this paper is to present the influence of the restoration of the lowland Rudnia River on the composition of different iron fractions and to evaluate the seasonal changes in these fractions on both investigated river parts (regulated and restored). The other aim is to describe the dependence between iron fractions in the water and other physicochemical parameters which affect the bio-availability of different fractions of iron in lotic ecosystems.
Study Area
The Rudnia River is a right tributary of the Narew River, which is the largest river in north-eastern Poland. The investigated river is 23.2 km in length and has an average annual flow rate of 0.2 m s -1 . The Rudnia is a second order river (according to the Horton-Strachler system). The springs of the Rudnia River are situated at 160 metres above sea level in Pasynki village, while the confluence with the Narew River at 130 metres above sea level. Morphological data for the Rudnia River and its catchment are presented in Table  1 and Figure 1 (Zieliński et al. 2008 ). In the 1970's, the Rudnia River was extensively regulated, mainly in its middle and upper sections. In the ending part of the Rudnia the river channel was shortened by a direct connection with the Narew River through a crosscut of 250 m in length. The excluded Rudnia river channel gradually became overgrown with macrophytes and it has functioned as an ox-bow lake for about 25 years. In 1998-1999, The North Podlasie Association for Bird Protection (PTOP) began to try to recover the old part of the river. Restoration of the Rudnia's natural course was made by screening off the artificial river channel with a dike.
The catchment of the investigated river is characterized by a high agricultural coverage ratio with a dominance of arable lands, pastures and meadows. In the patchy structure of the catchment typical for this type of catchment the level of afforestation is only about 20% (Table 1) . Besides numerous small-sized patches of forests and extensively cultivated fields, there are small urban areas mostly in the upper part of the Rudnia River catchment eg. Zabłudów town (Fig.1 ).
Methods
Field investigations were carried out once a month in 2007. Water samples were collected from 9 points along the Rudnia River's course -5 monitoring points were located on the regulated part of the Rudnia River (1-5) and 4 others on the restored section (6-9) ( Fig. 1) (Zieliński et al. 2008) .
Temperature, electrical conductivity, water pH and oxygen were measured using a multiparametrical Hydrolab probe. Chlorophyll a concentrations were measured applying a chlorophyll field fluorescence probe.
Laboratory analyses were made according to methods described by Hermanowicz et al. (1976) . The following parameters were determined: bicarbonates -alkacimetrically; total hardness and calcium -complexometrically by titration; magnesium -calculated from the difference between total hardness and calcium concentration; other ions, i.e. nitrates (V), chlorides, sulphates (VI), silicates, and ammonia -spectrophotometrically applying procedures and chemicals by Riedel-de Häen. Dissolved organic carbon concentration (DOC) was determined using total organic carbon analyser TOC 5050A (Shimadzu) according to the procedure described by Zieliński and Górniak (1999) . Furthermore, the concentration of reactive manganese in the Rudnia River water was determined with the spectrometric formaldehyde-oxym method (modified) (Cudowski and Górnaik 2006) , as well as 3 phosphorus fractions: total phosphorus (TP), dissolved phosphorus (DP), and dissolved reactive phosphorus (DRP) using the spectrophotometric molybdenum-blue method. Concentrations of different iron fractions -total iron (TFe), dissolved iron (DFe) and dissolved reactive iron (DRFe) -were analysed by applying the spectrophotometric method with 1,10-phenantroline. The contents of the two former phosphorus and iron fractions were determined in water samples after UV digestion with concentrated sulphuric (VI) acid and 30% hydrogen peroxide. Total concentrations of phosphorus and iron were determined in unfiltered, digested water samples, whereas concentrations of dissolved reactive (DRFe, DRP) fractions were determined after filtering through the filter of 0.45 µm pore diameter without digestion. Using data for all three determined fractions of phosphorus and iron, subsequently the other two -dissolved organic and particulate -were calculated using the formulas as follows: DOX = DX -DRX or PX = TX -DX, where: X = Fe, P. 
Results and Discussion
Mean concentrations of iron fractions and standard deviations for 2007 in particular investigated parts of the Rudnia River are presented in Table 2 . The lowest values of total iron in the restored part of the river were noted in October (582 µg dm -3
) and in January for the regulated part (719 µg dm -3 ), which was over two times less than average total iron concentration in the upper section and over 2.5-times less than average TFe concentration in the lower section of the river (Fig. 1) . Within the regulated section, TFe concentrations were higher during the whole year than in the restored one, and the mean difference between both sections was 681 µg dm -3
. High iron concentrations in the water of the Rudnia River water may be explained by the fact that over 60% of the river water is supplied from groundwaters, in which average iron content is over 750 µg dm -3 higher. Another factor determining large concentrations of iron in the river is its washing out from the surrounding soils, mainly peat, which dominate in the lower riverine catchment part, while more mineral soils cover the upper part of the river catchment.
The fraction of dissolved iron (DFe) in the restored section reached its lowest value in December (206 µg dm (Fig. 2A) . The regulated fragment of the river -as compared to the restored section -was characterized throughout the year by concentrations higher by 79 µg dm -3 , on average. The dissolved iron fraction, regardless of the river part, was characterized throughout the year by much higher variability than TFe, which was over 1.5 times higher for dissolved than for total iron (Fig. 2B) . The highest variability, for both fractions, was observed in summer, the lowest in the winter. No statistically significant differences in dissolved iron variability in the two different river sections were found.
Dissolved reactive iron concentration in the lower part of the river ranged from 124 to 453 µg dm -3 , while in the upper part from 167 to 535 µg dm -3
. Minimum values of reactive iron concentrations in both river sections were present in December, whereas maximum ones in July (Fig. 2C) . Reactive iron in the regulated part was characterized by great dynamics of concentrations in particular months, thus lack of stability contrasted to the restored section, where spring was characterized by an increase in the fraction level until summer when a decrease in DRFe concentration occurred. Beginning from autumn, a gradual increase in iron content could be observed, and then a decrease in winter (analogously as in summer).
Comparing the variability of all iron fraction concentrations, it can be stated that particulate and total iron fractions were characterized with the highest fluctuations during the year (Fig. 2D) . The coefficient of variation (CV) for PFe was up to 998% in the regulated section, while in the restored part 532%. The restored part of the Rudnia River was distinguished by much higher stability of the dissolved fraction than that found in the regulated part. For the whole year CV values for DFe in the restored section were 2-3 times lower than in the regulated one, on average. DFe was the least variable iron fraction (regardless of the river channel type), for which the CV value was 55%. However, it should be mentioned that higher oscillations of that iron fraction occurred in winter than in other seasons.
Regardless of the season, the particulate fraction made up the largest percentage among the total iron (Fig. 3) . In winter, that fraction reached its maximum value, with its share in the regulated fragment being 80%, while in the restored one 68%. Such a high percentage of that fraction can be elucidated by fa- ) that favour the precipitation of colloidal iron oxides. The percentage of that fraction gradually decreased along with the season change. The participation of the particulate iron fraction in the restored section reached minimum 46%, whereas the minimum value in the regulated fragment was 56% (autumn-winter). When the percentage of the particulate iron fraction decreased, the percentage of the other iron forms increased (Fig. 3) . Despite the fact that high values of dissolved organic carbon (DOC) reaching up to 23.0 mg dm -3 were observed in July, the reactive iron fraction made up the highest proportion -by 7% more than DOMn, because a low oxygen concentration was recorded in the water that season (Table 3) . This was the result of redox conditions (mean oxygen concentration in the water was almost 3 times lower than in the spring season), which determined the iron fraction composition in the river. In autumn, the organic iron fraction reached its maximum percentage: it was only 35% in the restored and 31% of total iron in the regulated section. The maximum percentage of the fraction is probably the effect of elevated DOC concentrations (Table 2) . Summer was the season when the maximum percentage of the reactive iron forms was recorded, regardless of the river parts, and it amounted to 30% in the restored, and 22% in the regulated, section. Differences in the percentage (depending on river channel section) could be explained by differences in oxygen concentrations in the water. A higher level of that fraction was observed in the restored part of the river, because oxygen concentration was higher in the regulated part by 1.5 mg dm -3
. Regardless of the season, the shares of reactive and organic iron fractions were always higher in the restored than the regulated section. The suspended iron fraction was characterized by a higher percentage in the lower river bed fragment rather than in the part of the river near the source.
In our investigations we have found that reactive manganese concentrations (ranging from 23 to 164µg dm -3 in 2007), may have a significant influence on reactive iron content in the river. A statistically significant dependence between RDFe and RDMn at R 2 = 0.61, p<0.005 was recorded in the studied period (Fig. 4A) . It is commonly known that both ions form iron-manganese concretions (Sadowski 1997) . We observed that variation in reactive manganese concentrations depends on reactive iron content variability. The increase in RDMn in the restored section and its decrease in the regulated part which were recorded in this investigation were analogous as in the case of reactive iron fraction. Regardless of the type of the river section, relatively good water saturation and slightly alkaline conditions stimulate the release of reactive fractions of both elements.
Phosphorus is another parameter the occurrence of which significantly affects the iron concentration in the Rudnia River. Under natural conditions, iron is not present in water in its dissolved form, although it is soon precipitated, converting into insoluble compounds, which is probably as a protection for aquatic ecosystems against an excessive increase in iron concentration . High phosphorus concentrations in water cause precipitation of iron (III) in a form of phosphate (V) iron (III) . If the iron is precipitated from the water column, a decrease in reactive manganese content is suddenly observed, and thus an increase in its colloidal fraction. Loss of one of the soluble fractions of these elements leads to their release from other insoluble combinations (Fig. 4B) . The observed strong correlation between TP and TFe concentrations proves that the most important factor regulating phosphorus concentration is their release from organic compounds deposited in the sediments and surrounding organic soils (Petticrew and Arocena 2001; Rydin 2000) . The most important statistically significant correlation (p<0.005) that was recorded in water for the Rudnia River was a positively proportional dependence between dissolved organic matter and the dissolved organic iron fraction. That association can be elucidated by the fact that iron is an element that easily forms bindings with organic compounds. As a confirmation, there was a proportional dependence between DOFe and DOC, for which the coefficient of determination was 44% (Fig. 4C) . The dependence between dissolved organic matter and the organic iron fraction can be explained by the tendency of iron ions to bind with organic matter, which prevents the precipitation of insoluble phospho-organic compounds (Sapek and Sapek 2004) .
When the water temperature drops (autumn and winter), the rate of microbial decomposition of organic matter slows down along with the decrease in plant plankton's requirements for Mn 2+ , which is codeposited on the surface with Fe 3+ forming iron-manganese concretions. The process of iron-manganese concretion formation is related with decomposition of plankton organic matter and release of these ions in the bottom sediments layer (Sadowski 1997) . Much more iron is released from organic bindings than is immobilized in inorganic compounds. The process results in a higher percentage of the reactive iron fraction (DRFe) in cold seasons (4-fold higher percentage of DRFe in autumn than in spring). Moreover, under the ice cover, reactive iron is released from its mineral precipitates, e.g. Fe 2 O 3 or Fe 3 O 4 present since the summer on the surface of sediments, which of course leads to an increase in DRFe concentration.
Even if iron concentrations are high in the Rudnia River they are comparable with values noted for other streams and rivers in the region and Poland, where they range from 15 up to over 3000 µg dm -3 (Table 4) .
The percentage of dissolved reactive and dissolved organic iron fractions was always lower in the regulated than in the restored part of the Rudnia River in all investigated seasons. Furthermore, the regulated part of the river was characterized by a higher share of suspended iron fraction content than the restored one for the whole year. No matter the season, the upper part of the river was distinguished by higher iron concentrations than the lower part ( Fig. 2A-D) , which was due to the fact that many farms polluting water with iron as a result of surface runoffs from cultivated fields and orchards were localized in the upper fragment of the river catchment. Iron fertilizers are commonly applied in plant and tree cultivation, because iron deficiency causes a serious disease -leaf chlorosis -that may lead to plants fading (Eichhorn and Shin 1968) . Municipal sewage that penetrates into the waters through strongly corroded pipes is another source of water contamination. Lowland rivers with well-developed wetland areas, including the Rudnia River with its lower fragment, are a transport system for well-dissolved organic matter of allochtonic origin (Wetzel 2001) , thus the increase in the dissolved organic iron fraction was observed on that part of the river bed. It is due to the fact that iron ions migrate along with organic carbon compounds from wet areas of the catchment (Petticrew and Arocena 2001) .
Conclusions
Concentration of total iron ranged from 581.7 to 3646 µg dm -3 in the water of the small lowland Rudnia River, and the values obtained were similar to those for other lowland rivers.
The highest percentage of TFe was represented by the particulate iron fraction, while the lowest, depending on the season, by the dissolved reactive iron fraction in spring-summer, and the dissolved organic iron fraction (DOFe) in autumn-winter.
Iron resources in the river are determined mainly by migration of iron compounds along with organic matter during spring and autumn surface runoffs as well as decomposition of riverine plant-origin detritus in summer and autumn.
The increased percentage of reactive iron fraction content in autumn-winter is a result of the ion release from mineral precipitates formed in the summer on the river sediment's surface.
